Zinc oxide single crystals were doped with copper acceptors by means of the nuclear transmutation doping method, which gives highly uniform dopant distributions and has a much higher probability of controlling the dopant locations in the lattice. The Cu doping was confirmed by the infrared absorption signature of Cu 2þ at 5780 cm
Zinc oxide single crystals were doped with copper acceptors by means of the nuclear transmutation doping method, which gives highly uniform dopant distributions and has a much higher probability of controlling the dopant locations in the lattice. The Cu doping was confirmed by the infrared absorption signature of Cu 2þ at 5780 cm
À1
. Hall-effect measurements were performed to study the effect of Cu Zn on the electrical properties of ZnO. These measurements indicated that the Cu acceptor level lies 0.160 eV below the conduction-band minimum. Zinc oxide, a direct band gap semiconductor with a wide energy gap of 3.4 eV and a large exciton binding energy of 60 meV is a perfect candidate for blue and UV light-emitting diodes (LEDs).
1,2 However, native defects [3] [4] [5] and the associated lack of control of the electrical conductivity have hindered the development of ZnO in optoelectronics and many other applications. Copper doping is known to have a large effect on the optical and electrical properties of bulk ZnO (Refs. 6-8) as well as ZnO nanocrystals. 9 Its role in ZnO is different from other dopants, and a fundamental understanding of this role is lacking. Cu has been suggested as a candidate for p-type doping if it substitutes on the Zn site; however, this prediction has not been well investigated because it is not possible to accurately predict the location of dopants in conventional doping methods. Therefore, the previously reported measurements for Cu in ZnO did not necessarily characterize Cu on the Zn site (Cu Zn ). A few studies have estimated the energy level of Cu Zn 2þ in Cu-doped ZnO from conductivity measurements 10 and admittance spectroscopy experiments. 8 However, there is remaining doubt about whether the Cu atoms incorporate as interstitials or substitute for Zn atoms.
In this letter, we show that ZnO can be doped with Cu using the nuclear transmutation doping (NTD) method 11 in which a number of Zn atoms are transmuted to Cu through (n,c) and subsequent electron capture reactions. This results in Cu sitting on the Zn sites as will be explained below. Cu doping was confirmed by the detection of the infrared (IR) peak of Cu at 5780 cm
. 12 The effect of Cu doping on the electrical properties was then studied by temperaturedependent Hall-effect (TDH) measurements which showed low free-electron concentrations at low temperatures.
Samples of ZnO single crystals were grown at the Oak Ridge National Laboratory. They were prepared by the chemical vapor transport (CVT) method and oriented along the ð10 10Þ direction. The CVT growth of ZnO is accomplished through an initial reduction reaction in hydrogen gas at a temperature of $1250 C and the subsequent transport of Zn vapor by a nitrogen carrier gas to a cooler region of the growth apparatus. The ZnO single crystals then grow by means of the reaction:
where g and s represent the gas and solid phases, respectively.
Two ZnO single crystal samples were irradiated with a neutron beam at the 1 MW TRIGA nuclear research reactor at Washington State University. They were placed in the vicinity of a thermal neutron flux of 4 Â 10 12 cm À2 s À1 in the reactor. The first sample was irradiated for 4.5 h and the radioactivity level was 4.6 Â 10 5 Bq. The second sample was irradiated for 45.2 h with a radioactivity level of 1.46 Â 10 6 Bq. Irradiation changed the samples from colorless to a yellowish color that is probably due to the formation of vacancies. This color disappeared after annealing in air for 1 h at 900 C. IR absorption measurements were performed at 10 K using a Bomem DA8 Fourier transform infrared spectrometer in the spectral range of 1800-7000 cm
. A KBr beam splitter and an InSb detector were used. The instrumental resolution was 2 cm
. The IR absorption spectra were evaluated from log 10 (I R /I) where I R and I are the transmission spectra without and with the sample, respectively. TDH measurements were carried out in the temperature range of 130-400 K in a Van der Pauw four-point configuration by employing both positive and negative currents and magnetic fields.
The process of the formation of Cu dopants in ZnO by neutron irradiation can be demonstrated as follows. Zn-64 has a natural abundance of 48.6%. It forms radioactive Zn-65 by thermal neutron capture which decays to stable Cu-65 by electron capture (98.3%) and the emission of c-rays of 1.115 MeV with T 1/2 of 244.6 days. 13 The concentration of Cu was estimated to be 9.71 Â 10 14 and 9.76 Â 10 15 atoms/ cm 3 for the 4.5 and 45 h irradiated samples, respectively. Ga-69 and Ga-71 are also formed from the transmutation of Zn-68 and Zn-70. The total Ga concentration was estimated to be 4.59 Â 10 14 and 4.47 Â 10 15 atoms/cm 3 for the 4.5 and 45 h irradiated samples, respectively. NTD is known to be a very successful method for introducing homogenous distributions of dopants into semiconductors. There is also a much higher probability for producing Cu atoms on Zn sites by this method. In other doping methods, there is a high probability that Cu atoms form interstitials instead of replacing the Zn atoms. Cu doping was confirmed by IR spectroscopy measurements. Figure 1 displays has been predicted to be a neutral deep acceptor. The 5780 cm À1 peak did not appear in the ZnO sample irradiated for 4.5 h. For this low-irradiation condition, the concentration of Cu acceptors was less than the donor concentration, so that at low temperatures, they are all in the Cu 1þ state. The electrical characteristics of the samples were determined from Hall-effect measurements. The two samples are both n-type with low n concentrations and high resistivity. The carrier concentrations n, resistivity q, and mobility l for an unirradiated sample at room temperature were 5 Â 10 15 cm
À3
, 5 X-cm, and 250 cm 2 /Vs, respectively. For the 45-h irradiated sample, the room-temperature carrier concentration was approximately the same, but the resistivity increased to 10 X-cm and the mobility decreased to 125 cm 2 / Vs. In addition to the Cu acceptors, NTD produced a high concentration of Ga donors. Despite that, the carrier concentration does not increase. The reason behind the non-increase in carrier concentration, the high resistivity and the low mobility can be interpreted as arising from a high degree of compensation from Cu atoms on the Zn sites, which confirms the role of Cu Zn as deep acceptors. It should also be mentioned that NTD induces radiation damage, which may contribute to the high resistivity. However, most of the defects generated by NTD have been recovered by annealing at 900 C. The temperature dependence of the free electron concentration (n), the resistivity q, and the mobility l are, respectively, displayed in Figures 2-4 for the ZnO sample irradiated for 45 h. The measured electron concentration decreases on cooling, which is common behavior in semiconductors due to carrier freeze out of the donors. The resistivity decreases and the electron mobility increases with decreasing temperature as shown in the graphs. Figure 2 also shows the temperature dependence of the free electron concentration for the 4.5-h irradiated sample.
Of particular interest are the freeze-out curves shown in Fig. 2 for the 45-h and 4.5-h irradiated samples. Two features are noteworthy. First, the saturation free-electron concentration for the 45-h sample is higher than that of the 4.5-h sample. This is due to Ga donors that are produced by NTD, as well as defects due to radiation damage. Second, the slope of the freeze-out curve is steeper for the 45-h sample, due to the higher concentration of Cu acceptors, which trap electrons at low temperature.
To model the data quantitatively, we used semiconductor carrier statistics under the assumption of charge neutrality. 16 The energy levels used in the fits were the Cu deep acceptor level 160 meV below the conduction-band minimum, a deep donor level (86 meV), and a shallow donor level (60 meV). , as calculated previously. Second, the shallow donor concentration increased by 7.6 Â 10 16 cm
. The fits are shown by the solid lines in Fig.  2 . The energy of the Cu acceptor level, E a ¼ 160 meV below the conduction band, results in a very good fit confirming the role of Cu as deep acceptors.
In conclusion, we have produced Cu doped ZnO by NTD. This method should result in Cu on the Zn site thereby permitting the characterization of the properties of Cu Zn acceptors in ZnO. IR absorption measurements confirmed the formation of Cu and Hall-effect measurements confirmed the role of Cu as compensating acceptors in ZnO and its effect on reducing the n-conductivity. We anticipate that the use of Cu as co-dopant in ZnO could dramatically reduce the free electron concentrations, which may enhance the p doping.
